Charcoal records from lake sediments may show changes in fire frequency over thousands of years, but such records are ambiguous with regard to the actual locations of fires. Using a comparison of fire dates from an 1800-year lake sediment record from the west coast of Vancouver Island (British Columbia, Canada) and dates of last fire from 38 sites in the same watershed using tree-ring and soil-charcoal 14 C dates, we estimated the source area that contributes to charcoal peaks and determined the degree to which fires were biased to certain locations. Twenty-three charcoal peaks, likely corresponding with individual fire events, were objectively identified from the sediment record. Comparison of fire dates from charcoal peaks in the sediment record with fire dates from points near the lake suggests that the charcoal source area is within 500 m of the lake edge. Fire occurrence within this charcoal source area increased sharply at AD 1100 from ca. 50 to ca. 300 years between charcoal peaks, coeval with the first "Little Ice Age" cooling. Soil-charcoal radiocarbon dates revealed that 37% of the charcoal source area had not burned over the last 1800 years and that the 23 fires identified in the sediment record were restricted to south-facing slopes near the lake. This spatial pattern may result only if fire is >25 times more likely to occur on susceptible sites (south-facing slopes) than on less susceptible sites. This strong bias in fire location ensured the millennial-scale persistence of large areas of latesuccessional forest through past climatic periods.
Introduction
Spatial variability in the susceptibility of forests to fire is an important aspect of fire regimes, especially in mountainous areas with steep topography and a range of aspects (Romme and Knight 1981; Agee 1993; Heyerdahl et al. 2001) . Similarly, temporal variability in fire frequency is an important aspect of fire regimes, especially during periods of significant climatic or land-use change (Clark 1988a; Swetnam 1993; Kitzberger et al. 1997; Heyerdahl et al. 2002) . These components of variability in fire regimes interact, contributing to the mosaic of age classes in the modern landscape (Shinneman and Baker 1997; . For example, a change in the landscape-level fire frequency would affect the landscape mosaic uniformly if fires were randomly distributed, or patchily if fires preferentially burned certain areas (Clark et al. 2002) . Despite the spatial and temporal variability inherent in fire regimes, few studies adequately address both of these aspects because long-term data on the spatial pattern of fires are difficult to obtain (Niklasson and Granstrom 2000) .
Measuring the spatial pattern of fire over long time scales is a particularly difficult challenge in forests that usually experience stand-replacing fires. The two main approaches to studying fire history in such forest types view the fire regime differently. The stratigraphy of macroscopic charcoal particles in lake sediment preserves a history of fire events (discernible peaks of charcoal) over thousands of years, but this method aggregates evidence of fires in the vicinity of the lake (Clark 1990; Whitlock and Millspaugh 1996) . In contrast, tree-ring evidence (stand ages and fire scars) records fire dates at specific points, but the temporal span of this method is limited by tree ages (Arno and Sneck 1977; Johnson and Gutsell 1994) . Radiocarbon dating of soil charcoal could potentially record the spatial pattern of fire over long time scales, but soil mixing and the consumption of organic soils by fire usually limit this method to estimating the date of the last fire (Hopkins et al. 1993; Carcaillet 1998; Gavin et al. 2003) . No single method effectively estimates both the spatial pattern of fires and their long-term frequency. To overcome the limitation of stand-age data to estimate fire frequency, several fire history studies have used statistical models (e.g., Johnson and Gutsell 1994; Reed et al. 1998) , though such models require that the probability of fire is spatially homogeneous, an unrealistic assumption in areas with strong topographical control of fire frequencies . Few studies have used both the sediment charcoal method and the stand age method in the same area to deduce the long-term spatial distribution of fires (Clark 1990) .
The use of high-resolution charcoal records from lake sediments to reconstruct fire history has advanced rapidly in recent decades (e.g., Clark 1988a; Long et al. 1998 ). However, substantial questions remain regarding the spatial scale represented by sediment records (Hallett et al. 2003) . Implicit in the sediment charcoal method is the assumption that most charcoal disperses aerially to the lake surface from a certain source area around the lake, with the size of this source area depending on the size of charcoal particles, because small pieces are convected greater distances than are large pieces (Clark 1988b; MacDonald et al. 1991; Clark et al. 1998; Ohlson and Tryterud 2000) . Once dispersed to the lake surface, winds may cause charcoal to be deposited and resuspended in the littoral zone, though mixing in the surface water eventually transports charcoal to the profundal zone (Whitlock et al. 1997) . Thus, charcoal must only disperse to the lake edge to be recorded in sediments at the lake center. More detailed knowledge of the extent of the charcoal source area is needed, because fire frequency must be interpreted at the scale in which fires are occurring; in a given forest, a large charcoal source area could record more fires and result in higher fire frequency than a small source area. Despite the importance of determining the charcoal source area for the interpretation of fire frequencies, few studies have explicitly addressed the charcoal source area for particular size classes of charcoal Earle et al. 1996; Whitlock and Millspaugh 1996; Tinner et al. 1998) . In this study, fire dates in a sediment core were compared with fire dates at points at varying distances from the lake to calibrate the charcoal source area and evaluate the spatial pattern of fire.
The overall goal of this study is to better understand the spatial and temporal dynamics of fire disturbance in a coastal temperate rain forest on the west coast of Vancouver Island (British Columbia, Canada). In a previous study, we investigated the time-since-fire over a network of sites, using tree-ring dates at 18 sites and radiocarbon dates of soil charcoal at 65 sites (Gavin et al. 2003) . That study showed that terrain features and vegetation type have greatly influenced the fire regime. In the study area, nearly all south-facing slopes burned within the last 600 years; in contrast, several terrace and north-facing sites have not burned in the last 6000 years. This landscape pattern suggests that there is spatial variability in fire frequencies, though the frequency of fire at any one location could not be determined owing to the erasure of past fires by the most recent fire (Johnson and Gutsell 1994) . In this study, we use these spatially precise records of the most recent fire in conjunction with charcoal in a lake sediment core as a spatially aggregated record of all fires within a specific charcoal source area. These data may therefore show if fire frequency was sensitive to known past climate variability, and if fire frequencies varied in relation to terrain controls on fire susceptibility.
Our major objectives were to (i) determine fire dates in the vicinity of the lake by using a spatially aggregated record of fire dates from charcoal accumulation in lake sediment, (ii) determine the area near the lake within which fires are recorded as peaks in sediment charcoal by using point estimates of fire dates from tree-ring records and radiocarbon dates of soil charcoal, and (iii) determine the degree to which fires were more likely to occur in high firesusceptibility relative to low fire-susceptibility areas near the lake by using a combination of both fire records.
Materials and methods

Rationale
To describe temporal trends in fire occurrence, a lake sediment record was analyzed to reconstruct all the fires that occurred near the lake. To describe how fire occurrence varied among areas near the lake, point estimates of fire near the lake were used to place spatial boundaries on the location of the fires detected in the sediment record. The spatial boundaries of fires were determined in two ways: (i) fire dates at points near the lake were associated with dates of charcoal peaks in the sediment core to determine the source area that contributes to large charcoal peaks, and (ii) the dates of last fire at points near the lake were mapped to determine whether portions of the charcoal source area escaped all of the fires detected in the sediment record. This combination of approaches reveals whether the fires detected in the sediment record were restricted to a portion of the charcoal source area, in which case fire frequencies would range from zero to high values within different parts of this area. Such differences in fire frequencies could result from terrain-controlled differences in hazards of burning (i.e., probability of fire; Johnson and Van Wagner 1985) over the landscape. To assess the degree to which the hazard of burning varies over the landscape, the "hazard-of-burning ratio", the ratio of the probability of burning in two mutually exclusive areas, was calculated. A hazard-of-burning ratio of 10 would indicate that fire is 10 times more likely to occur in a portion of a study area, causing some areas to escape fire when fire is frequent in other areas on the landscape. Similarly, a hazard-of-burning ratio of 1 would indicate that fire is equally likely to occur in different portions of the landscape.
Clayoquot Lake study area
Clayoquot Lake lies at 17 m above sea level, 25 km inland from the west coast of Vancouver Island in the very wet maritime subzone of the Coastal Western Hemlock biogeoclimatic zone (Meidinger and Pojar 1991) . Temperatures are mild year-round (mean daily temperature in December and July are 5 and 15°C, respectively) and annual precipitation is very high (5400 mm), though only 8% falls in June, July, and August (Clayoquot Biosphere Project, unpublished data). Forests are dominated by western hemlock (Tsuga heterophylla (Raf.) Sarg.) and western redcedar (Thuja plicata Donn ex D. Don). Pacific silver fir (Abies amabilis (Dougl. ex Loud.)) and Sitka spruce (Picea sitchensis (Bong.) Carrière) are locally abundant on northfacing hillslopes and alluvial terraces, respectively. Douglasfir (Pseudotsuga menziesii (Mirb.) Franco) is rare in the watershed, though it is associated with south-facing slopes that have burned in the last several centuries (Schmidt 1960 (Schmidt , 1970 Gavin et al. 2003) .
Clayoquot Lake was formed by an alluvial fan that dams a narrow section of the Clayoquot River valley (Fig. 1) . A 45-m-wide channel connects two basins: a 10-m-deep subrectangular upper basin (19.2 ha) and a 40-m-deep circular lower basin (27.8 ha). Topography around the lake is steep (20-40% slopes) rising from 17 to 900 m at the top of ridges; a 300-m cliff borders the upper basin. The inflowing Clayoquot River drains ca. 6500 ha upriver. Several times each winter, rain storms cause flooding in a restricted flood plain, typically causing the lake level to rise ca. 1.0 m (maximum observed in 10 years = ca. 3.0 m) (Clayoquot Biosphere Project, unpublished data).
Spatially precise fire dates: tree-ring and soil-charcoal samples
The date of last fire (DLF) was estimated at 25 sites within 500 m of Clayoquot Lake. The area within 500 m of the lake should encompass the area that contributes charcoal to the lake through air fall of large pieces (>0.1 mm) or through slope wash from steep slopes above the lake (Clark 1988; Whitlock and Millspaugh 1996) . However, the Clayoquot River may transport charcoal larger distances and may increase the source area of charcoal, thus sampling for fire history further upriver may help elucidate the actual source area of charcoal. Therefore, we obtained tree-ring dates of fire between 1200 and 3000 m further upriver at locations where stand-structural evidence of fire existed. Sampling was limited to elevations below 200 m with the exception of a single ridge where four sites were located at elevations of 200-350 m. At 18 sites (13 upriver and 5 near the lake; Fig. 1 ), DLF was estimated from the ages of at least seven Douglas-fir trees or the growth response of surviving trees to fire injury in conjunction with the age of a younger cohort.
At the 20 remaining sites near the lake, there was no stand-structural evidence of fire, and fire dates were based on radiocarbon dates of soil charcoal. Soil charcoal was sampled using at least six 5 cm diameter cores per site. Unless charcoal was abundant near the soil surface, charcoal was isolated by soaking the soil in 10% KOH, sieving at 0.5 mm, and isolating charcoal fragments under a dissecting microscope. Charcoal was isolated from either organic horizons (9 sites) or mineral horizons (11 sites) only if extensive searching of organic horizons yielded no charcoal. Replicate dates were obtained at single sites if the first date was exceptionally old or if charcoal was restricted to mineral horizons. Soil charcoal was also dated at four of the tree-ring sites as part of a study on the accuracy of soil-charcoal radiocarbon dates (Gavin 2001) . These dates were rejected in this study in preference of the more accurate tree-ring dates. Single charcoal fragments >1 mg were selected for most dates (79%). In the remainder of cases, 2-10 pieces from the same depth in the soil column were combined because no single piece was sufficiently large. A total of 47 AMS (accelerator mass spectrometry) radiocarbon dates were obtained from the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory, California, U.S.A. All dates were calibrated to calendar years using the INTCAL98 calibration curve (Stuiver et al. 1998) . DLF was set to the youngest calibrated date at each site (using the median calibrated age intercept). The soil-charcoal methods are discussed in detail in Lertzman et al. (2002) and Gavin et al. (2003) .
We constructed a map of DLF for the area within 500 m of the lake edge. We did not include small areas of bare rock, unsampled floodplain forest, and a portion of the area that drains to the outflowing river. Fire boundaries were determined using Thiessen polygons around sample points. We modified polygon boundaries to coincide with natural fire breaks (sharp ridges and rivers) or distinct changes in forest composition discernible on aerial photographs.
Radiocarbon dates of the DLF may overestimate the true DLF for two reasons. First, the charcoal from the most recent fire may not be located and dated at each site. The assessment of this error (Gavin et al. 2003) suggests that, for a large majority of cases, charcoal from the most recent fire was recovered and dated. Second, the charcoal selected for dates may have been formed from wood that is several centuries old at the time of the fire. This "inbuilt age" was found to be up to 670 years (Gavin 2001) , thus the temporal precision of soil-charcoal radiocarbon dates must be interpreted in light of this added error.
Spatially aggregated fire dates: lake sediment core
Coring and sediment chronology
The lower basin of Clayoquot Lake was cored in 38 m of water using a percussion corer constructed of 7.6 cm diameter PVC tubing (Reasoner 1993) . The core was split lengthwise in the laboratory and contiguous subsamples (ca. 12 mL) were taken at 1-cm intervals from the center of one core-half. 210 Pb activity was measured from 20 subsamples from the top 86 cm to date the most recent ca. 200 years of sediment. The remainder of the core was dated with 10 radiocarbon dates on conifer needle samples. We calibrated radiocarbon dates to the calendar time scale as for the soilcharcoal dates. Two radiocarbon dates (CAMS-44475 and CAMS-44480) were distinct outliers and were rejected. We assigned the age-depth curve using a cubic spline fit through the 210 Pb-dated portion and a radiocarbon date at 120 cm, and an ordinary least-squares linear regression for the lower portion of the core.
Laboratory analysis
We measured each ca. 12-mL subsample of sediment for magnetic susceptibility, charcoal, and macrofossils. Magnetic susceptibility is a measure of iron-bearing minerals that, in lake sediments, is interpreted as an indicator of erosion of mineral soil or fire-created magnetite or maghemite (Thompson and Oldfield 1986) . We used volume-specific magnetic susceptibility as a measure of the relative quantity of iron-bearing minerals. The volume of each subsample was measured to the nearest 0.1 mL, soaked overnight in a 10% sodium hexametaphosphate solution to disperse the sediment, and sieved through 0.5-and 0.15-mm screens using a gentle flow of water. We treated the 0.15-to 0.5-mm size fraction with 6% hydrogen peroxide for 8 h to bleach noncharcoal organic material and facilitate charcoal recognition (Rhodes 1998). All charcoal was tallied using a binocular microscope (10×-40×). We tallied all macrofossils (conifer needles) in the >0.5-mm size fraction under a binocular microscope. Needle fragments were combined and expressed as needle equivalents and Thuja and Chamaecyparis branchlets were tallied individually following Dunwiddie (1987) .
Charcoal record analysis
Charcoal concentrations (pieces·cm -3 ) were expressed as charcoal accumulation rates (CHAR; pieces·cm -2 ·year -1 ) based on sedimentation rates estimated by 210 Pb and radiocarbon dates. High variability in CHAR in the top 80 cm of the core reflects high sedimentation rates (ca. 0.4 cm·year -1 ) and low charcoal counts (0-11 pieces per subsample). To make this portion comparable to the remainder of the record, we smoothed the charcoal concentrations for the top 80 cm using a locally weighted regression (LOWESS; Cleveland 1979) with a 10-year sample window.
Finely sampled lake sediment records may reveal local fires as distinct peaks in CHAR (e.g., Clark 1988a). Several recent studies have examined peaks in CHAR using a twostep procedure: (i) determine a low-frequency background component and calculate a peak component as positive deviations in CHAR from the background levels, and (ii) apply a threshold to the peak component that distinguishes peaks due to local fires from peaks due to analytical noise and (or) extra-local fires (Long et al. 1998; Millspaugh et al. 2000) . The background component may vary over time because of changes in regional fire activity, changes in the local hydrological regime that transports charcoal, or changes in forest structure and biomass that affect fire behavior and the total quantity of charcoal produced in a fire (Long et al. 1998) . Previous studies have modeled the background component using a Fourier transform filter Carcaillet et al. 2001) or a LOWESS filter (Long et al. 1998; Millspaugh et al. 2000) to smooth the CHAR record within a specified sample window. Both of these methods allow the size of charcoal peaks to influence the estimated background component. As a result, the background component may be locally elevated and bisect charcoal peaks or pass over small peaks located between larger peaks. Exploratory analysis using both methods suggested there was not a satisfactory compromise between the use of a wide sample window that emphasized large peaks but precluded detection of distinct small peaks located between larger peaks and a narrow sample window that caused the background component to follow the high frequency so closely that small peaks were recognized but the magnitude of large peaks was underestimated.
In this study we used another approach based on the assumption that the best estimate of the background component is the minimum CHAR value within a temporal window that is equivalent to the duration of approximately one charcoal peak. In contrast with the other studies, in this approach the background component is unaffected by peak height (see also Millspaugh and Whitlock 1995) , and the potential for detecting relationships between peak height (magnitude of peaks over the background) and characteristics of the local fire is improved. Careful evaluation of the Clayoquot Lake CHAR record suggests that most peaks span 20-30 years, similar to those observed in a study of modern charcoal accumulation following fire (Whitlock and Millspaugh 1996) . We calculated the minimum CHAR values in 20-, 26-, and 32-year moving windows. We then smoothed each series of minimum values with a LOWESS filter using a sample window width equal to the window used to calculate the minimum CHAR values. We chose a background curve using a 26-year sample window because it did not follow peaks too closely (as was the case with the 20-year sample window) and it did not miss the base of several distinct peaks (as was the case with the 32-year sample window). We calculated the peak component as the residuals from this curve. We did not interpolate the record to equal time intervals (Long et al. 1998; Carcaillet et al. 2001 ) because the mean fire frequency was not correlated with sedimentation rate for the three main periods with different sedimentation rate (F = 0.0003, P = 0.98, df = 2). Furthermore, large changes in fire frequency occurred asynchronously with changes in sedimentation rate, confirming that changes in fire frequency were not due to changes in precision of the sediment record.
Identification of fire events and the charcoal source area
Theoretical and empirical studies of charcoal dispersal suggest that the quantity of charcoal dispersed by convection during a fire should decrease rapidly with increasing distance from the fire, especially for the large size class (0.15-0.5 mm) of charcoal that was analyzed in this study (Clark 1988b; Clark et al. 1998) . Slope wash may also transport charcoal at local scales, though this mechanism is probably limited to steep slopes that drain to the lake (Meyer et al. 1992) . In addition to these transport mechanisms, fluvial transport of charcoal from the Clayoquot River may significantly increase the charcoal source area for Clayoquot Lake. Given the two potential categories of charcoal transport at Clayoquot Lake (air and slope wash versus fluvial), we assessed the charcoal source area by examining the correspondence of charcoal peaks in the sediment record with evidence of fires from transport by air or slope wash (<500 m from the lake) and from fluvial transport from the Clayoquot River (>500 m upriver).
We simultaneously tested whether charcoal is transported large distances in the Clayoquot River and assessed the threshold value to distinguish peaks due to local fires by examining the correspondence of charcoal peaks with treering-dated fires at varying distances from the lake. At two distance classes from the lake (<500 and <3000 m), and for a wide range in threshold values, we compared the degree that charcoal peaks corresponded with tree-ring-dated fires using Sorenson's index of similarity. This index is calculated as U/(U + V), where U is the number of fire events identified by both tree-ring records and the sediment record, and V is the number of fire events identified by one method but not the other. Charcoal peaks were matched to tree-ring dates if they fall within 50 years of each other. We used only treering dates of fires for this calibration, because in this region soil-charcoal radiocarbon dates are too imprecise to be matched with individual charcoal peaks (Gavin 2001 ; but see Hallett et al. 2003) . We set the threshold value and assessed the source area at the combination of parameters that resulted in a high Sorenson's index where most charcoal peaks were matched with tree-ring fires. We limited this analysis to the period of the sediment record that overlapped with tree-ring dates of fires (>AD 1500).
We also assessed the threshold value of the peak component by examining the sensitivity of the number of fires detected to the threshold. Increasing the threshold should reduce the number of detected fires because small peaks drop below the threshold values. If local fires are represented by charcoal peaks that are significantly larger than all other charcoal peaks, then a large range of threshold values would result in an identical set of charcoal peaks qualifying as local fires. In this case, the distribution of charcoal peak heights should contain several large peaks from local fires, many small peaks from extra-local fires and analytical noise, and relatively few medium peaks . We verified whether the threshold value chosen via calibration with the tree-ring dates occurred within a range that had little sensitivity to the number of peaks detected.
We compared the charcoal, magnetic susceptibility, and macrofossil records to determine if peaks in CHAR were associated with local soil erosion events. Peaks in magnetic susceptibility may be related to erosion of mineral soil following fires within the local lake catchment (Thompson and Oldfield 1986; Millspaugh and Whitlock 1995) . Likewise, peaks in macrofossil input may be related to erosion of soil surficial material or needle drop from fire-killed conifers. Each record was compared visually, and correlation coefficients were calculated for a range of lag times (-50 to +50 years). Before the calculation of correlation coefficients, accumulation rates were calculated for magnetic susceptibility (EMAR; electromagnetic units·cm -2 ·year -1 ) and macrofossils (MFAR; needle equivalents·cm -2 ·year -1 ). In addition, background components for the MFAR and EMAR records were calculated using the same methods used for the CHAR record, though the EMAR record varied more slowly over time and therefore background was calculated with a 50-year moving window. Correlation was examined separately for the peak components and background components. For the calculation of correlation coefficients, the period of very high sedimentation rates (0-80 cm depth) and thus very high EMAR and MFAR was removed from each record.
Comparing spatially precise and spatially aggregated fire records
The objective of this part of the study was to use a simple probability model to estimate the range of the hazards of burning near the lake for agreement between the sediment record and the map of DLF. The map of DLF was used to calculate the area within the estimated charcoal source area (500 m from lake edge, see Results) that had burned at least once over the length of the sediment record. The burned and unburned areas over this period are denoted as A S and A R , comprising S and R proportions of the landscape, respectively (S + R = 1). Therefore, all fires detected in the sediment record occurred within the area A S , and not in the area A R . If one assumes that the hazards of burning (i.e., annual probability of burning; Johnson and Gutsell 1994) λ S and λ R (in areas A S and A R , respectively) are equal, lightning strikes are randomly distributed in the study area, and fires do not spread between A S and A R , the probability (E) of the observed outcome (i.e., that all fires occurred in A S ) is
where F is the number of fire events detected in the sediment core. However, a more realistic scenario is that λ S is greater than λ R , reflecting an intrinsic difference between A S and A R in susceptibility to fire due to vegetation and terrain. The hazard of burning ratio, b = λ λ S R / , may be interpreted as the factor that represents the increased probability that lightning leads to fire in A S than A R . An alternative interpretation of b is that all lightning strikes and fire starts occur in A S and fires have a 1/(b + 1) chance of spreading into A R . Regardless of which set of assumptions is more appropriate, b is a measure of the nonrandom occurrence of fire between these areas. The hazard of burning ratio may be incorporated into eq. 1:
Solving eq. 2, the hazard of burning ratio for a given probability (E) of the observed outcome is
We calculated b E for the entire period covered by the lake sediment record and for the last 800 years.
This method only considers the location of fire between two areas; the exact locations and sizes of individual fires were not modeled. Since the goal of this analysis was to examine the spatial distribution of fire at a very coarse scale, this approach required fewer assumptions and was easier to interpret than approaches such as a spatially explicit simulation model (e.g., Boychuk et al. 1997) .
Results
Tree-ring records and radiocarbon dates of soil charcoal
At the sites with stand-structural evidence of fire, treering estimates of tree ages clustered within 10 years of each other, indicating a probable postfire origin. Three unique fire dates (AD 1620, 1805, and 1886) were identified at the five sites near the lake, and only six unique fire dates (AD 1550 (AD , 1620 (AD , 1683 (AD , 1805 (AD , 1830 (AD , and 1872 were identified at the 13 sites upriver (Fig. 1) . Radiocarbon dates of soil charcoal ranged from ca. AD 1300 to ca. 7200 BC (not including dates that were redundant with tree-ring fire dates; Table 1 ). DLF within 500 m of the lake ranged from 6490 BC to AD 1886 (Fig. 2) . In general, north-facing slopes bordering Clayoquot Lake have not burned since at least AD 200. In contrast, all south-facing slopes have burned since AD 1800. There were two instances of adjacent sites having identical fire dates (AD 1805 and 400 BC) and in one instance four adjacent sites had very similar dates of ca. AD 1000. Based on polygon boundaries, 63% of the area within 500 m of the lake burned at least once during AD 200 -present, and 22% burned at least once during AD 1200 -present.
Lake sediment core
Core description
The 315-cm, 1800-year, sediment core consisted of uniform brown gyttja with abundant macrofossils. The sedimentation rate was fast (ca. 0.43 cm·year -1 ) in the 210 Pb-dated portion of the core (0-70 cm), slowed considerably between ca. 70 and 120 cm (ca. 0.09 cm·year -1 ), and was constant (ca. 0.16 cm·year -1 ) for the lower two-thirds of the record (120-315 cm) (Tables 2, 3; Fig. 3 ).
The charcoal, macrofossil, and magnetic susceptibility records show broadly different trends (Fig. 4) . Charcoal counts ranged between 0 and 122 pieces per subsample (median = 14). The CHAR record had distinct peaks composed of 2-4 subsamples (Fig. 4) . The CHAR record varied significantly over time, with a period of large peaks (ca. 1.0 pieces cm year
) and high background levels (ca. 0.6 pieces cm year
) during AD 400-800, and a period of few peaks (ca. 0.3 pieces·cm -2 ·year -1 ) and low background levels (ca. 0.1 pieces·cm -2 ·year -1 ) during AD 1100-1600. Macrofossil counts in each subsample ranged between 0 and 59 needle equivalents (median = 5.75; total in core = 2567). MFAR varied greatly between adjacent samples, with occasional large peaks (ca. 0.3 needle equivalents·cm -2 ·year -1 ). Background levels were low throughout the record (ca. 0.05 needle equivalents·cm -2 ·year -1 ) except after AD 1800, when MFAR increased sharply with increasing sedimentation rates. Magnetic susceptibility in each subsample ranged between 1.04 × 10 -5 and 2.25 × 10 -5 emu (median = 1.52 × 10 -5 ). In contrast with the CHAR and MFAR records, EMAR varied more slowly over time and showed no distinct peaks. Background levels were high before AD 1200 (ca. 2 × 10 -7 emu·cm -2 ·year -1 ), and then declined by ca. 50% for the period AD 1400-1800. Similar to the MFAR record, EMAR increased sharply at AD 1800.
Threshold values for local fires and the charcoal source area
Three tree-ring dated fire events <500 m from the lake coincided with large CHAR peaks (mean difference between the two methods = 6.3 years), indicating that large CHAR peaks were associated with these fires (Fig. 5a ). In contrast, six tree-ring dated fires >500 m upstream did not match CHAR peaks, except where they coincided with fires <500 m from the lake (mean difference = 33.8 years). The percent similarity between the tree-ring and sedimentcharcoal dates of fire, as calculated by Sorenson's index, showed 100% agreement only for the smaller charcoal source area and for threshold values between 0.20 and 0.30 pieces·cm -2 ·year -1 (Fig. 5b) . For the larger charcoal source area (<3000 m), the greatest similarity between treering and sediment-charcoal records was 70%. This suggests that the charcoal source area is ca. 500 m, but leaves a broad window for setting the threshold value. The number of CHAR peaks detected for the entire 1800-year record was insensitive to the threshold value between 0.20 and 0.24 pieces·cm -2 ·year -1 , while small changes in threshold values outside of this range caused large changes in the number of CHAR peaks detected. This pattern results from a distinct set of larger charcoal peaks that should be related to fires near the lake (Fig. 5c) . Therefore, a value of 0.22 pieces·cm -2 ·year -1 was chosen as the threshold that best identifies local fires.
The charcoal record shows 23 fires, with a large shift in fire occurrence at AD 1100 (Fig. 6a) . The average interval between charcoal peaks increased from 45 to 272 years from AD 200-1100 to AD 1100 -present. The shortest charcoalpeak intervals (ca. 20 years) and highest background component (ca. 0.5 pieces·cm -2 ·year -1 ) occurred between AD 400 and 600. The longest charcoal-peak interval (ca. 500 years) and lowest background component (ca. 0.1 pieces·cm -2 ·year -1 ) occurred between AD 1100 and AD 1600. Although CHAR peaks could be identified visually during this period, they were distinctly smaller than during the other periods and may represent extra-local fires. Two soil-charcoal radiocarbon dates that correspond to this period of small charcoal peaks (ca. AD 1200 and ca. AD 1450; Fig. 6 ) were from sites 500 m from the lake (sites 1 and 33; Fig. 2) , suggesting that the charcoal source area may be slightly smaller than 500 m. With the exception of these two dates, the temporal distribution of soil-charcoal radiocarbon dates generally corresponds with the sediment record (Fig. 6b) .
The peak components of CHAR, MFAR, and EMAR were positively correlated with corresponding background levels (r = 0.583, 0.429, and 0.384, respectively). Comparisons among the three records showed poor correlation. The CHAR peak component was not correlated with EMAR (r = -0.008) or MFAR peaks (r = 0.115). Similarly, CHAR background levels were poorly correlated with background levels of EMAR (r = 0.140) and MFAR (r = 0.180). Correlation between records did not improve when using time-lags.
Hazard of burning ratio
Two sources of fire history may be combined to infer the spatial pattern of fire over time: (i) the lake sediment record indicates that 23 fires have occurred over the last 1800 years within a charcoal source area of 254 ha (distance to lake of 500 m), and (ii) point samples of DLF within the charcoal source area indicate that 37% of the charcoal source area did not burn at all over the last 1800 years (Fig. 7) . This implies Stuiver et al. (1998) . *Date rejected in favour of a more accurate tree-ring date of fire. Table 1 . Accelerator mass spectrometry radiocarbon dates of soil charcoal at sites within 500 m of Clayoquot Lake (see Fig. 2 for site locations).
that the 23 fires were restricted to 63% of the area in which they could occur and still be detected in the sediment record. This pattern would have been very unlikely (E = 2 × 10 -5 ; eq. 1) if fires were randomly distributed within this charcoal source area. A hazard of burning ratio was therefore used to quantify the range in fire susceptibility that results in the nonrandom pattern of fire within the charcoal source area. The hazard of burning ratio corresponding to a 50% probability of the observed outcome of all fires occurring in the burned areas (b 0.50 ) is 19; i.e., fires are 19 times more likely in burned than unburned areas (eq. 3). Defining a single hazard of burning ratio is difficult because the value of E is not known; the observed pattern of fire could have resulted by chance with a relatively low hazard of burning ratio (b 0.05 = 4) or the observed pattern could have been ensured with a high hazard of burning ratio (b 0.95 = 263). Limiting the period of analysis to after AD 1200 results in three fires that occurred in 22% of the charcoal source area, which is also an unlikely outcome if fires were randomly distributed (E = 0.01; eq. 1). For this period, the hazard of burning ratios b 0.05 , b 0.50 , and b 0.95 , are 2, 14, and 205, respectively.
Discussion
Correspondence between sediment and soil-charcoal records
The major trends in the sediment charcoal record are mirrored by radiocarbon dates of soil charcoal. For example, of the soil charcoal analyzed within 500 m of the lake, few pieces were dated to the period of very few fires in the sediment record (AD 1100-1600), and several were dated to a period of frequent fires (AD 600-1100). A different study, focusing only on the spatial distribution of DLF in the Clayoquot Valley using an additional 73 radiocarbon dates from another 58 sites, found similar trends (Gavin et al. 2003) . That study found fewer sites with DLF dating to the period AD 1150-1350 relative to adjacent periods (Gavin et al. 2003) . Although this is consistent with the sediment record, the trends in the soil-charcoal record are less pronounced than those in the sediment record.
The differences between the sediment and soil-charcoal records are probably related to errors intrinsic to each method. The sediment record is dated by conifer needles that should closely represent the time of deposition and the time of charcoal incorporation into the sediment matrix. As a result, the sediment record should date fire events more accurately than soil-charcoal radiocarbon dates, which are potentially several centuries older than the date of the fire because of the length of time between wood formation and the fire event (Gavin 2001) . In addition, the soil-charcoal record is incomplete because charcoal from old fires may not be available if recent fires consume evidence of older fires (Ohlson and Tryterud 2000) . The erasure of older fires may explain why very few soil-charcoal radiocarbon dates coincide with the AD 400-600 period of frequent fires observed in the sediment record (Fig. 6 ). Considering these limitations of the soil-charcoal record, the sediment record allows for a more detailed interpretation of the temporal trends in fire occurrence over the last 1800 years.
Three aspects of the Clayoquot Lake sediment charcoal record make it especially useful for fire history studies. First, the high sedimentation rate, most likely due to sediment transport from the Clayoquot River, allowed fires closely spaced in time to be distinguished as separate fires. Specifically, for most of the record, fires 12 years apart could be detected as distinct peaks, assuming little secondary charcoal deposition and sediment mixing. Second, the poor correlation among sediment properties (charcoal, magnetic susceptibility, and macrofossils) suggests that charcoal accumulation is independent of the processes (e.g., flooding, erosional events) that affect sedimentation in Clayoquot Lake. This may be because sedimentation in the center of the lake is not affected by discrete events that deliver clastic materials into the lake. The unimportance of erosional events to sediment deposition at the coring site is supported by the lack of discrete peaks in the magnetic susceptibility record (Fig. 4) . Third, in this study, charcoal peaks could be matched with on the ground evidence of fires near the lake, allowing the estimation of the charcoal source area. The match of charcoal peaks to local tree-ring dated fires verifies that large peaks are associated with fires within several hundred metres of the lake (Whitlock and Millspaugh 1996) . A similar study that compared soil-charcoal and lake sediment records from subalpine forest in southeast British Columbia found a strong correlation between large charcoal peaks and fires within 300 m of the lake (Hallett et al. 2003) . That study also found evidence that small peaks may detect fires >1000 m upwind of the lake, perhaps because winds may be stronger in this subalpine setting (Hallett et al. 2003) . The ca. 500-m estimate of the source area also agrees qualitatively with experimental studies of charcoal dispersal during a fire (Clark et al. 1998; Ohlson and Tryterud 2000) . Given the small number of fires with which to calibrate the sediment charcoal record, the charcoal source area determined by this study should be treated as only a first approximation of charcoal dispersal.
Changes in fire occurrence during the last two millennia
The shift from frequent fires, AD 200-1100, to no fires, AD 1100-1600, is broadly synchronous with the fire history of subalpine forest in southwest British Columbia and sug- Table 3 . 210 Pb age determinations from the surface sediments of the Clayoquot Lake sediment core. gests an abrupt change in the controls of forest fire (e.g., climate and ignition) (Hallett et al. 2003) . This shift in fire occurrence is contemporaneous with evidence for an onset of cool temperatures and glacial advances in the Canadian Rocky Mountains (AD 1101 and ca. AD 1140, respectively; Luckman 1995; Luckman et al. 1997 ) and for glacial advances in southern Alaska (ca. AD 1080; Wiles et al. 1999) . Tree-ring reconstructions of climate and glacial advances synthesized for the entire northern hemisphere suggest the onset of cooler and wetter conditions of the "Little Ice Age" by ca. AD 1300 (Porter 1986; Jones et al. 2001 ). In addition, other proxies of paleoclimate from the central and western United States indicate that droughts were longer and more extensive prior to the "Little Ice Age" (Hughes and Diaz 1994; Woodhouse and Overpeck 1998) . One particularly detailed record of the salinity of a closed basin lake in North Dakota suggests a "regime shift" from predominately dry to wet conditions at AD 1200 (Laird et al. 1996) . The correspondence of the decline in fire occurrence at Clayoquot Lake with indicators of cooler or wetter conditions in Alaska, the Rocky Mountains, and central North America suggests that large-scale climate controls were responsible for this large shift in fire occurrence at Clayoquot Lake. Overall, the strong correlation with other fire records and with climate reconstructions suggests that climate is more important than fuel dynamics on fire occurrence at this site (Bessie and Johnson 1995) .
Anthropogenic ignitions probably had little effect on fire frequency. Although coastal peoples may have burned forest to enhance berry production (Turner 1991) , the nearest villages (current and past) to the study area are 20 km away, and none of the reported culturally significant areas in the Clayoquot Valley, or any valley equally remote, suggest these areas were burned for berry crops (Scientific Panel for Sustainable Forest Practices in Clayoquot Sound 1995). Such fires would have been controlled low intensity understory burns rather than the stand-replacing fires that occurred in the 19th century (Turner 1991) , and thus not likely to have been recorded in lake sediments. Further evidence pointing to the role of lightning was the fortuitous finding of a lightning-scarred Douglas-fir with a scar date (AD 1886) exactly matching the fire-scar date in the surrounding stand (site 27). This site would have been a potential area for anthropogenic burning, because it is located in an accessible area next to Clayoquot Lake.
Landscape patterns of fire susceptibility
Neither the sediment record nor the soil-charcoal record alone can show the long-term landscape pattern of fire. The soil-charcoal radiocarbon dates capture only a rough approximation of the temporal variation in fire occurrence, and the sediment record provides no information on the spatial pattern of fire. However, the combination of these records provides valuable information on how the fires recorded in the sediment core are patterned on the adjacent landscape. Specifically, the point samples suggest that all fires detected in the sediment core were restricted to ca. 60% of the area near the lake, a finding that is very unlikely if fires burn randomly over the landscape. The probability model used to examine the hazard of burning ratio suggests that the locations of fire were biased by one to two orders of magnitude among areas near the lake.
The large hazard of burning ratio indicates a wide range in susceptibility to fire near Clayoquot Lake. Topography was probably most important at controlling fire susceptibility. Areas on north-facing slopes generally have not burned for >1800 years, and in some cases have not burned for over 6000 years (Gavin 2000; Lertzman et al. 2002) . In contrast, areas on south-facing slopes burned in the last 200 years, and probably burned several times during the last 1800 years (Fig. 2) . South-facing slopes receive the greatest amount of solar radiation and, in the Clayoquot Valley, support a stunted forest with small tree crowns. Both of these factors would reduce fuel moisture and cause south-facing slopes to be much more susceptible to fire than north-facing slopes (Gavin et al. 2003) . Fuel loads were probably a secondary control on fire susceptibility. Before AD 1100, fire was frequent enough (20-50 years between fire events) that fuels may not have accumulated between fire events if fires were to reburn the same sites. To sustain fire recurrence at 20-to 50-year intervals for several centuries, fires probably did not reburn exactly the same sites, but rather burned different south-facing sites at different times. Fire probably returned to burned areas as fuel accumulated >200 years following the last fire (Agee and Huff 1987) .
Landscape ecologists have generally modeled the effects of disturbance on the landscape mosaic as related to disturbance size, frequency, and intensity (Shugart and West 1981; Comparisons of Clayoquot Lake sediment charcoal record and tree-ring-dated fire events. (a) The CHAR peak component for last 500 years and tree-ring-dated fires within 500 m and between 500 m and 3000 m from the lake. (b) Sorenson's index of similarity between charcoal peaks (over a range of threshold values for peak identification) and tree-ring-dated fires (for fires occurring <500 m from the lake <3000 m upriver from the lake (Fig. 1). (c) The sensitivity of the number of charcoal peaks detected to the threshold value over the entire 1800-year charcoal record from Clayoquot Lake. Urban et al. 1987; . Although the role of terrain on differences in susceptibility to disturbance is widely recognized (Romme and Knight 1981; Camp et al. 1997; Heyerdahl et al. 2001) , most theoretical analyses of landscape dynamics consider fire susceptibility to be mainly dependent on fuel accumulation from earlier fires (e.g., ). In areas with a strong topographic control on fire susceptibility such as the Clayoquot Valley, the pattern of disturbance is not spatially homogeneous and yields a significantly different landscape mosaic of age classes than would be expected in the absence of these controls (Moloney and Levin 1996; Taulman 1998; Clark et al. 2002) . This study shows that differences in fire susceptibility have had a strong influence on the distribution of fire for millennia, and thus should be incorporated into the theoretical framework used to model the fire disturbance regime at the landscape scale. . Fire history parameters used for the calculation of the hazard of burning ratio in the vicinity of Clayoquot Lake. The cumulative proportion of the charcoal source area burned was computed from mapped date of last fire using a charcoal source area of 500 m (Fig. 2) . Dates of fire events were determined from the sediment core (Fig. 6 ). All fire events to the right of any individual fire event were assumed to occur in the burned portion of the charcoal source area.
